Experiments in a number of different systems have suggested that the initiation of DNA replication is often dependent upon transcription at the origin of replication. During infection with bacteriophage T7, the T7 genome is transcribed first by the bacterial RNA polymerase and then by a phage-coded enzyme, the product of gene 1. The bacterial enzyme does not appear to be directly involved in the initiation of replication as phage DNA synthesis is not inhibited by rifampin. For testing whether the T7 RNA polymerase plays a role in replication, a T7 gene 1 temperature-sensitive mutant was used, and the RNA polymerase was inactivated at intervals after infection by rapidly raising the temperature of the culture. The experiments indicated that the inactivation of the T7 RNA polymerase caused the cessation of phage DNA synthesis, even at later times during infection when the inhibition of protein synthesis with chloramphenicol had no effect on DNA replication. This suggests that in addition to its role in gene expression, the T7 RNA polymerase plays a direct role in T7 DNA replication.
In recent years evidence has accumulated from work with a number of different systems that RNA synthesis may play a direct role in DNA replication. Two types of RNA synthesis have been suggested. First, during discontinuous replication, the initiation of Okazaki fragments at the growing fork may use short RNA primers which are synthesized by a specific primase such as the Escherichia coli dnaG protein (3) or the T7 gene 4 protein (10) (11) (12) (13) (14) . Second, transcription at the origin of replication may be required for the initiation of replication in several systems. The initiations of replication of the E. coli chromosome (9) , E. coli plasmids (2, 6) , and phage M13 (4) are all blocked by rifampin, an inhibitor of the E. coli DNA-dependent RNA polymerase. In addition, mutations of the E. coli gene dnaA can be suppressed by mutations in rpoB (the structural gene for the fl-subunit of RNA polymerase), suggesting a direct interaction between RNA polymerase and the product of dnaA during the initiation of E. coli DNA replication (1) .
During growth of bacteriophage lambda, mutations which block the transcription of the x-O-P region of the chromosome, which contains the origin of DNA replication, result in a cis-dominant block in DNA replication, suggesting a direct role for transcription in the initiation of lambda DNA replication (7) . In some of these systems it has been established that the transcripts are used as primers for DNA synthesis (18, 19) , In other cases this has not yet been demonstrated, however, and it is possible that transcription is required to open the DNA to some other initiator of DNA synthesis.
During growth of bacteriophage T7, phage development is inhibited by rifampin only if the drug is added early (0 to 5 min) after infection (17) . As phage DNA synthesis does not begin until about 10 min after infection, this suggests that transcription by the bacterial RNA polymerase does not play a direct role in the initiation of T7 DNA replication. Indeed, the addition of rifampin to a culture of T7-infected cells at 5 min after infection had no detectable effect on the subsequent kinetics of phage DNA synthesis (unpublished data).
In addition to the bacterial RNA polymerase, a phage-coded enzyme, the product of T7 gene 1, functions in T7 gene expression (5) . The T7 RNA polymerase, which is not inhibited by rifampin, is required for transcription of the T7 class II and class III genes. The products of these genes include many of the proteins which function in phage DNA replication, so that replication is obviously blocked during infection with a T7 gene 1 mutant.
This paper presents evidence that the T7 RNA polymerase also plays a direct role in phage DNA replication. As specific inhibitors of the T7 RNA polymerase are not available, a T7 gene 1 temperature-sensitive mutant was used, and the RNA polymerase was inactivated at intervals after infection by rapidly raising the temperature of the culture. The experiments indicated that the inactivation of the gene 1 RNA polymerase caused the cessation of phage DNA synthesis, even at later times during infection when the inhibition of protein synthesis with chloramphenicol had no effect on DNA replication. This suggests that in addition to its role in gene expression, the T7 RNA polymerase plays a direct role in T7 DNA replication.
MATERIALS AND METHODS
Bacterial strains and bacteriophages. T7 wild type and its host E. coli B were obtained from F. W. Studier (Brookhaven National Laboratories). The T7 gene 1 temperature-sensitive mutant T7tsl 342-15 (hereafter called T7tsl), which produces a thermolabile T7 RNA polymerase (5), was obtained from M. J. Chamberlin (University of California, Berkeley). The spontaneous revertant of this mutant used in the experiment described in the legend to Fig. 4 after infection a portion of each culture was rapidly warmed to 42°C by dilution with an equal volume of medium at 580C, and incubation was continued at 420C. In the control culture (T7 wild-type-infected cells) the temperature shift had two effects on the pattern of DNA synthesis (Fig. 1A) . First, the rate of [3H]thymidine incorporation was increased approximately twofold. (For comparing the rate of thymidine incorporation with or without the temperature shift, the rates obtained after the shift Effect of a temperature shift on the rate of DNA synthesis in T7 wild-type-and T7tsl-infected E. coli. E. coli B was grown in M9 medium to a density of 5 x 10' bacteria/ml (optical density at 590 nm = 1.0) and infected with phage T7 at a multiplicity of 7. In one experiment, the infected cells were incubated at 30°C, and 1-ml samples were removed at intervals and incubated for 1 In contrast to these results with T7+-infected cells, when cells were infected with a T7 gene 1 temperature-sensitive mutant, the shift from 30 to 420C resulted in a more rapid cessation of DNA synthesis (Fig. 1B) . DNA (Fig. 3) . The addition of chloramphenicol at 10 min after infection resulted in a slight reduction in the subsequent rates of DNA synthesis, probably because maximal concentra- tions of the replication proteins had not been attained by this time. At later times, chloramphenicol had essentially no effect on the rates of DNA synthesis. Even when added at 10 min after infection, chloramphenicol did not produce the premature shutdown of DNA synthesis that was observed after the inhibition of the T7 RNA polymerase. In fact, the shutdown was delayed by chloramphenicol, presumably because the proteins required for DNA packaging and cell lysis had not been synthesized. The measurement of "0C-amino acid incorporation (data not shown) indicated that by 30 s after the addition of chloramphenicol, the rate of protein synthesis was reduced to less than 2% of the control value. Thus, the cessation of T7 DNA synthesis which occurred after the inactivation of the phage |1500 Fig. 1 , DNA synthesis in the T7tsl-infected cells began to slow within 2 to 3 min after the temperature shift at 10 min postinfection, but this was only about 5 to 7 min earlier than the normnal termination of DNA synthesis observed after a temperature shift in T7+-infected cells. An excperiment which more clearly shows that the T7 RNA polymerase plays some direct role in phage DNA synthesis is described in the legend to Fig.  4 . At 10 min after T7 infection, cultures were diluted with an equal volume of medium containing chloramphenicol. This medium was either at 30°C, a control at which the T7 RNA polymerase presumably remains active, or at 58°C, to produce a rapid shift to the nonpermissive temperature and inactivate the thermolabile T7 RNA polymerase. As in this experiment chloramphenicol was added at the time of the temperature shift, any effect of the shift on the rate of T7 DNA synthesis was unlikely to result from an indirect effect on protein synthesis. Furthermore, as the addition of chloramphenicol at 10 min after infection inhibited cell lysis and the normal shutdown of T7 DNA synthesis, any effect of the temperature shift on the rate of DNA synthesis could be seen more clearly.
In agreement with the results shown in Fig. 1 , when T7tsl-infected cells were shifted to the nonpermissive temperature at 10 min after infection, there was a rapid decrease in the rate of
[3H]thymidine incorporation (Fig. 4B) . This effect of the temperature shift on DNA synthesis was in striking contrast to the results obtained with cells infected with a spontaneous revertant of the T7 gene 1 mutant. With the revertant the shift caused about a twofold increase in the rate of DNA synthesis, and synthesis continued at a rapid rate until at least 30 min after infection (Fig. 4A) . In both cases, when the culture was maintained at 30°C, the addition of chloramphenicol at 10 min after infection did not significantly affect the rate of DNA synthesis.
DISCUSSION
The experiments presented in this paper provide evidence that transcription by the T7 RNA polymerase plays a direct role in T7 DNA replication. Of course, there are alternative explanations for the results, and one must be cautious in interpreting data from these kinds of in vivo experiments. For example, although the addition of chloramphenicol at 10 min after infection has no significant effect on DNA synthesis, this does not entirely rule out the possibility that the inhibition oftranscription affects DNA synthesis through an effect on protein synthesis. It is possible that the synthesis of some unstable replication protein is less inhibited by chloramphenicol than by the inactivation of the RNA polymerase. This possibility seems extremely unlikely, however, as the overall rate of 14C-amino acid incorporation is not significantly affected by the inactivation of the T7 RNA polymerase, whereas the addition of chloramphenicol Effect of a temperature shift in the presence of chloramphenicol on the rate of T7 DNA synthesis. E. coli B was grown and infected with phage T7 at 30°C as described in Fig. 1 . The rate of DNA synthesis in the infected cells was monitored by removing 50-,ul samples from the culture at intervals and incubating for 1 min at 30°C with 0.25 uCi of [3H]thymidine (20 Ci/mmol) (control). At 10 min after infection two 2.5-ml samples were removed from the culture and added to flasks containing 2.5 ml of M9 medium plus 0.6 mg of chloramphenicol per ml; one flask was at 30°C and the other was at 58°C. The incubation of these flasks was continued at 30 or 42°C, and the rate of DNA synthesis was monitored by removing 100-,ul samples and incubating for 1 min at either 30 or 42°C with 0.5 ,Ci of [3H]thymidine (20 Ci/mmol). Acid-insoluble radioactivity was determined as described in the legend to Fig. 1 (8) , although the fact that phages which have deleted this region are viable (15) indicates that other sites for the origin of replication must exist. Replication then proceeds in both directions along the DNA to produce "eye"-and then "Y"-shaped intermediates (20) . In an in vitro study with the T7 RNA polymerase, DNA synthesis mimics T7 DNA replication in vivo in that the product is not covalently attached to the template (Fischer and Hinkle, J. Biol. Chem., in press) and many eye-and Yshaped intermediates are formed (Wever et al., submitted for publication). However, in vitro DNA synthesis is initiated at many sites along the DNA, sites corresponding closely to the known promoters for the T7 RNA polymerase. One of these sites is near the 17% origin of replication, but if RNA polymerase functions in the initiation of DNA replication in vivo, some factor(s) not present in our purified system must increase the specificity of initiation.
Richardson et al. (10) have purified a bacterial protein which stimulates DNA synthesis on intact duplex T7 DNA. Although the purified protein contains no detectable nuclease activity, in the presence of T7 DNA polymerase and gene 4 protein the initiation protein apparently acts by breaking the r-strand of the template at one of three specific sites located approximately 18%, 31%, and 86% from the left end. The resulting nick is then used to initiate DNA synthesis, and a branched DNA molecule is produced in which the newly synthesized DNA remains covalently attached to the template. If this protein is used for initiation in vivo, additional factors must be required to release the product from the template and generate the eye-shaped replication intermediates. It is unclear how the T7 RNA polymerase might function in this process.
The results presented in this paper strongly suggest that the T7 RNA polymerase functions in phage DNA replication in vivo. Our experiments with purified proteins indicate that the RNA polymerase may function in initiation at the origin ofreplication. However, until a system has been developed in which DNA replication with purified proteins exactly mimics T7 DNA replication in vivo, the molecular mechanism for the initiation of replication at the origin remains uncertain.
